Bone morphogenetic protein (BMP) signaling plays a crucial role in maintaining the pluripotency of mouse embryonic stem cells (ESCs) and has negative effects on ESC neural differentiation. However, it remains unclear when and how BMP signaling executes those different functions during neural commitment. Here, we show that a BMP4-sensitive window exists during ESC neural differentiation. Cells at this specific period correspond to the egg cylinder stage epiblast and can be maintained as ESC-derived epiblast stem cells (ESD-EpiSCs), which have the same characteristics as EpiSCs derived from mouse embryos. We propose that ESC neural differentiation occurs in two stages: first from ESCs to ESD-EpiSCs and then from ESD-EpiSCs to neural precursor cells (NPCs). We further show that BMP4 inhibits the conversion of ESCs into ESD-EpiSCs during the first stage, and suppresses ESDEpiSC neural commitment and promotes non-neural lineage differentiation during the second stage. Mechanistic studies show that BMP4 inhibits FGF/ERK activity at the first stage but not at the second stage; and IDs, as important downstream genes of BMP signaling, partially substitute for BMP4 functions at both stages. We conclude that BMP signaling has distinct functions during different stages of ESC neural commitment.
INTRODUCTION
During mouse embryonic development, the embryonic day (E) 3.5 blastocyst becomes a vesicular structure comprising an inner cell mass (ICM) inside the trophectoderm (Gardner and Beddington, 1988) . By the time of implantation (E4.0-E4.5), the pluripotent ICM cells differentiate to form the primitive endoderm and epiblast (Gardner and Rossant, 1979) . From E4.5 to E5.5, the blastocyst gives rise to a cup-shaped structure called the egg cylinder, and the epiblast at this stage is composed of a columnar epithelial monolayer of pluripotent cells (Coucouvanis and Martin, 1995; Snow, 1977) . Gastrulation then commences with the formation of the primitive streak at approximately E6.5, through which epiblast cells ingress to form the mesoderm and the endoderm. The cells that remain in the anterior of the epiblast form the ectoderm (Lu et al., 2001; Tam and Loebel, 2007) . Neural induction is the process during which part of the ectoderm is specified and becomes the embryonic neural plate. This process is generally thought to occur at the onset of gastrulation (Hemmati-Brivanlou and Melton, 1997b) . To date, knowledge of the molecular mechanisms governing these events in the mouse embryo is limited owing to the small size, complexity and inaccessibility of the early postimplantation embryo, and to the rapid pace of cell proliferation.
Mouse embryonic stem cells (ESCs) are immortal cell lines derived mainly from the ICM of peri-implantation blastocysts (Brook and Gardner, 1997; Evans and Kaufman, 1981; Martin, 1981) . The lineage restriction of mouse ESCs is identical to that of the epiblast progenitors in the ICM, suggesting that ESCs might represent an in vitro model of early epiblast development (Rossant, 2008) . However, recent evidence has shown that ESCs are not homogenous and appear to be in a metastable state, shifting between ICM-and epiblast-like states while remaining pluripotent (Chambers et al., 2007; Hayashi et al., 2008; Toyooka et al., 2008) . Epiblast stem cells (EpiSCs) have been isolated from the epithelialized epiblast of mouse and rat egg cylinders (Brons et al., 2007; Tesar et al., 2007) . EpiSCs can be maintained as stable cell lines in the presence of FGF and activin, and they are capable of differentiating into three germ layers in vitro and of forming teratomas. On the basis of their developmental potential, EpiSCs are believed to resemble pluripotent progenitors in the late epiblast layer of the post-implantation mouse embryo (Brons et al., 2007) . However, it is unclear whether ESC neural differentiation in vitro recapitulates the different stages of the developmental process from the ICM to neuroectoderm in vivo (Rossant, 2008; Silva and Smith, 2008) .
Bone morphogenetic proteins (BMPs) are members of the transforming growth factor  (TGF) superfamily (Shi and Massague, 2003) . In the past decade, the default model has proposed that ectodermal cells give rise to neural tissue autonomously in the absence of inhibitory BMP signals, whereas BMP activity directs ectoderm to become epidermis (HemmatiBrivanlou and Melton, 1997a) . Although this default model has been challenged by studies in Xenopus and chick embryos (De Robertis and Kuroda, 2004; Linker and Stern, 2004; Wilson and Edlund, 2001) , recent studies have shown that the complete inhibition of BMP signaling is sufficient to induce neural tissue (Di-Gregorio et al., 2007; Khokha et al., 2005; Reversade and De Robertis, 2005) . In mouse ESCs, BMP signaling is crucial for maintaining pluripotency (Kawasaki et al., 2000; Tropepe et al., 2001; Ying et al., 2003a) , and also has negative effects on neural differentiation (Kawasaki et al., 2000; Tropepe et al., 2001; Ying et al., 2003b) . It has been reported that BMP4-induced ID proteins can inhibit ESC entry into the neural lineage, and can sustain ESC self-renewal in collaboration with LIF/STAT3 (Ying et al., 2003a) . However, it remains unclear when and how BMP signaling regulates these different functions during ESC neural commitment.
Here, we show that there is a BMP4-sensitive window during mouse ESC neural commitment. Cells at this stage correspond to the epiblast of the egg cylinder, and can be maintained as ESCderived EpiSCs (ESD-EpiSCs). We further show that BMP4 inhibits ESC neural differentiation in two phases: first, it inhibits the derivation of ESD-EpiSCs from mouse ESCs; and second, it suppresses the neural commitment of ESD-EpiSCs and promotes their non-neural differentiation.
MATERIALS AND METHODS

ESC culture and neural differentiation
Mouse ESC lines R1, R1/E (ATCC), E14Tg2a, SOX-GFP ES cells (46C), and TAU-GFP ES cells (TK23) (Ying et al., 2003b) were used in this study. ESCs were maintained on mitomycin C-treated mouse embryonic fibroblasts (MEFs; feeders) in standard medium. ESC neural differentiation was induced as described previously (Watanabe et al., 2005) .
Derivation of ESD-EpiSCs and cell culture
For derivation of ESD-EpiSCs, ESC aggregates were dissociated into a single-cell suspension after 5 minutes of treatment with 0.05% Trypsin-EDTA at 37°C. Individual cells were then seeded at a density of 1.0-2.0ϫ10 5 cells per 35-mm dish in chemically defined medium (CDM) (Brons et al., 2007) supplemented with 20 ng/ml activin A (R&D Systems) and 12 ng/ml bFGF (Invitrogen). The cell culture dish was coated with FBS for 24 hours at 37°C and then washed twice with PBS before use. After 5-6 days culture, the surviving cells grew and formed large compact colonies. The colonies were picked, fragmented into smaller clumps using 2 mg/ml collagenase IV (Invitrogen) and mechanical dissociation, and similarly passaged at 3-day intervals. Medium was changed every day. Detailed protocols for ESD-EpiSC culture and differentiation are available upon request.
Gene overexpression in ESCs and ESC-EpiSCs
For gene overexpression in ESCs (ESR1) and ESD-EpiSCs, mouse Id1 and Id2 full-length cDNAs were cloned into the lentiviral expression vector pFUGW-IRES-EGFP (Naldini et al., 1996) . The empty lentiviral expression vector pFUGW-GFP was used as a negative control. Lentiviral packaging and lentiviral transfection were performed as described (Tiscornia et al., 2006) . For ESCs, GFP-positive cells were sorted with a FACS Aria cell sorter (BD Biosciences), and for ESD-EpiSCs, GFPpositive colonies were selected by fluorescence microscopy.
Immunofluorescence analysis
Alkaline phosphatase staining was performed according to the manufacturer's instructions using the Alkaline Phosphatase (AKP) Detection Kit (Millipore). Immunocytochemistry was performed as described (Gao et al., 2001; Xia et al., 2007) . The following primary antibodies were used. Mouse monoclonal antibodies included: anti-OCT4 (1:200, Santa Cruz Biotechnology), anti-nestin (1:200, Upstate), anti-SSEA-1 (1:200, Santa Cruz), anti-TUJ1 (1:500; Sigma), anti-SOX17 (10 g/ml, R&D Systems), anti-nebulin (1:100, Sigma), and anticytokeratin 18 (1:100, Abcam). Rabbit polyclonal antibodies were anti-FGF5 (1:150; Santa Cruz) and an anti-SOX1/(2)/3 (1:100) that has a preference for SOX1 and SOX3 over SOX2 (Okada et al., 2004; Tanaka et al., 2004) . Goat polyclonal antibodies were anti-NKX2.5 (1:200, Santa Cruz) and anti-GATA6 (10 g/ml, R&D Systems).
RNA preparation and Q-PCR analysis
Total RNA was extracted from cells using Trizol reagent (Invitrogen). Reverse transcription and Q-PCR were performed as described previously (Peng et al., 2009) . The primers used are listed in Table S1 in the supplementary material.
Microarray analysis
Total RNA was extracted using Trizol reagent, labeled, and hybridized to Agilent Whole Mouse Genome Oligo 4X44K Microarrays (one-color platform), according to the manufacturer's protocols. The comparison between mouse ESCs and ESD-EpiSCs was carried out using three biological replicates for each cell type. ESC samples (ESR1 p10, p20, and ESR1/E p15) and ESD-EpiSC samples (EpiSC-7 p20, EpiSC-5 p22, and EpiSC-7 p25) were used for microarray analysis. Microarray data has been deposited with ArrayExpress with the Accession Number E-MEXP-2691.
Statistical analyses
In each experiment, 100-200 cell aggregates were examined. Each experiment was performed at least three times. Values shown on the graphs represent the mean value ± s.d. Student's t-tests were used to compare the effects of all treatments. Statistically significant differences are shown as follows: *P<0.05, **P<0.01 and ***P<0.001.
RESULTS
BMP4 suppresses neural differentiation of mouse ESCs
Many protocols have been developed to induce the differentiation of mouse ESCs into the neuroectodermal lineage (Bibel et al., 2004; Watanabe et al., 2005; Ying et al., 2003b) . To avoid influences from feeder cells, growth factors and retinoic acid, we cultured embryoid bodies (EBs) in a medium supplemented with knockout serum replacement (KSR medium) for ESC neural conversion (Watanabe et al., 2005) . Immunostaining showed that 98% of the non-induced ESCs were OCT4 + /SOX + undifferentiated pluripotent cells (Fig. 1Aa-c,B) . During 8 days of culture in KSR medium, the number of OCT4 + /SOX + pluripotent cells decreased gradually (Fig. 1D) , and the percentage of OCT4 -/SOX + cells reached approximately 80% of the total cells by day 6 (Fig. 1Ad-f ,B,D). These OCT4 -/SOX + cells were putative neural precursor cells (NPCs) (Wood and Episkopou, 1999; Xia et al., 2007) , and this was further confirmed by the presence of another NPC marker nestin (Lendahl et al., 1990 ) (see Fig. S1A in the supplementary material). In addition, we used ESC line 46C (Ying et al., 2003b) , in which GFP was knocked in at the locus of the specific neuroectoderm marker gene Sox1, and FACS analysis showed that the number of SOX1-GFP + cells reached between 70 and 80% of the total cells at day 6 (see Fig. S1B in the supplementary material) . When the day 6 EBs were replated onto serum-free N2 medium, these NPCs differentiated into TUJ1 + neurons within 2 days ( Fig.  1Ca-b) ; MAP2 + neurons and GFAP + astrocytes could also be detected 4 days after replating (see Fig. S1C in the supplementary material). Together, these results show that a high proportion of ESCs can be converted into neural precursors in KSR medium.
Consistent with previous reports that BMP signaling has a negative effect on ESC neural differentiation (Kawasaki et al., 2000; Sasal et al., 1995; Wilson and Hemmati-Brivanlou, 1995; Ying et al., 2003b) , the addition of BMP4 (10 ng/ml) greatly reduced the number of OCT4 -/SOX + NPCs in day 6 EBs (Fig.  1Ag-i) , as well as the number of TUJ1 + neurons after replating ( Fig. 1Cc-d) . Moreover, BMP4 was reported to maintain ESC pluripotency (Kawasaki et al., 2000; Ying et al., 2003a) . We consistently found that approximately 50% of cells in the BMP4-treated EBs remained OCT4 + /SOX + (Fig. 1B) , corresponding to putative pluripotent ESCs. To further confirm this notion, we
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Development 137 (13) replated day 6 EBs into ESC medium and found that the number of AKP-positive colonies derived from BMP4-treated EBs increased significantly (see Fig. S1D in the supplementary material). The remaining 50% of cells in the BMP4-treated EBs were OCT4 -/SOX - (Fig. 1B) . To identify the cell lineages to which these OCT4 -/SOX -double-negative cells belonged, we examined the expression of three germ layer markers by Q-PCR and found that, in addition to the expression of the pluripotent markers Oct4 and Nanog, BMP4-treated day 6 EBs also expressed a high level of epidermal (CK18; Krt18 -Mouse Genome Informatics), mesodermal (T, Flk1), and primitive endodermal (Gata6, Sox7) markers, but expressed very low levels of neuroectoderm markers (Sox1, Pax6; Fig. 1E , right panel). Taken together, these data show that BMP4 inhibits ESCs neural differentiation in KSR medium by maintaining the pluripotency of a portion of the cells and by promoting others to differentiate into non-neural lineages.
Identification of a BMP4-sensitive window during ESC neural commitment
As maintaining ESC pluripotency and promoting cell differentiation are opposite functions, we assumed this effect might be associated with long-term BMP4 treatment. To determine whether short-term BMP4 treatment was sufficient to inhibit ESC neural differentiation, BMP4 was added to the KSR medium at different time points, and the cells were cultured in the presence of BMP4 for 24 hours. We defined the day on which the ESCs were seeded as differentiation day 0 and stained the EBs for OCT4 and SOX at day 6. The most significant suppression of neural differentiation was achieved when BMP4 was added during day 2-3, with only 11% of the cells developing into OCT4 -/SOX + NPCs and 72% becoming OCT4 -/SOX -non-neural cells ( Fig. 2A ,B, BMP4+, 2-3). By contrast, the addition of BMP4 at other time points was less effective at inhibiting ESC neural differentiation ( Fig. 2A,B) . These results suggest that ESCs are most sensitive to BMP4-mediated inhibition of neural differentiation on the second or third differentiation day.
To determine whether the absence of BMP4 was sufficient to specify neural fate during the BMP4-sensitive window, we cultured EBs in BMP4-containing KSR medium and then withdrew BMP4 from the medium for 2 days at different periods of differentiation. The highest number of OCT4 -/SOX + NPCs was obtained when BMP4 was withdrawn during days 2-4 of the induction period (see ESCs into OCT4 -/SOX -cells ( Fig. 2A,B) . However, after day 3, BMP4 addition only slightly inhibited ESC neural differentiation (Fig. 2C,D) . In contrast to a previous study (Gambaro et al., 2006) , we found that BMP4 did not significantly increase the number of apoptotic cells (data not shown), which might due to different culture conditions. These results suggest that once neural differentiation is initiated, BMP4 cannot inhibit it. Therefore, the BMP4-sensitive window appears to be a crucial time during which BMP4 switches its function from maintaining ESC pluripotency to promoting non-neural lineage differentiation.
Cells at the BMP4-sensitive window are similar to egg cylinder-stage epiblast cells Because ESC differentiation in vitro might recapitulate the process of embryonic development in vivo (Rathjen et al., 1999) , we wondered to which in vivo developmental stage the BMP4-sensitive cells correspond. To address this question, we examined gene expression patterns during ESC EB differentiation in KSR medium (Fig. 3A) , and found that the genes most commonly used as ICM markers, including Rex1, Crtr-1 (Tcfcp2l1 -Mouse Genome Informatics) and Fgf4 (Nichols et al., 1998; Pelton et al., 2002; Rogers et al., 1991) , were expressed from day 0-1, and rapidly downregulated after day 2. The pluripotent stem cell marker Oct4 (Rosner et al., 1990 ) was expressed highly from days 0 to 3, and was then downregulated (Fig. 3Aa,b) . Fgf5, a marker of pluripotent epiblast cells (Haub and Goldfarb, 1991; Rathjen et al., 1999) , was transiently upregulated on day 2-3, followed by a peak expression of T (brachyury) at day 4. T is a primitive streak marker that marks the beginning of gastrulation (Rivera-Perez and Magnuson, 2005; Tam and Loebel, 2007) (Fig. 3Ab) . Markers of neuroectoderm were expressed later: the anterior ectodermal marker Hesx1 was expressed highly at day 5, followed by the specific neural marker Sox1 (peak expression at day 6) and the anterior neural plate marker Six3 (expressed by day 8) (Oliver et al., 1995; Pevny et al., 1998; Thomas and Beddington, 1996) (Fig.  3Ac) . A detailed comparison of these expression patterns suggests that ESC neural differentiation closely mimics early embryonic development in vivo (Pfister et al., 2007) , and that cells at the BMP4-sensitive window (day 2-3) are similar to cells of the epiblast of egg cylinder stage (Fig. 3B) . To further confirm this observation, we compared the expression levels of ESC-and EpiSC-related genes (Tesar et al., 2007; Toyooka et al., 2008) in day 2 EBs and undifferentiated ESCs. Day 2 EBs expressed lower levels of genes associated with the ICM or blastocyte epiblasts, such as Klf4, Tbx3, Rex1 and Nanog, but strongly expressed the egg-cylinder-stage epiblast-associated genes Pitx2, Fgf5, Cer1 and Foxa2 (Fig. 3C) . These results strongly suggest that EB cells at day 2-3 are comparable to cells of the egg-cylinder-stage epiblast.
ESD-EpiSCs have the same characteristics as EpiSCs derived from mouse embryos
Because the cells in day 2-3 EBs were similar to egg cylinder epiblast cells, we sought to determine whether they could be maintained in a similar manner to EpiSCs in vitro. Because chemically defined medium containing activin A and bFGF (CDM/AF) is sufficient to maintain the pluripotency of EpiSCs derived from post-implantation mouse embryos (Brons et al., 2007) , we dissociated the day 2 EBs into single-cell suspensions and seeded the cells in CDM/AF. After 6 days of culture, homogeneous and compact monolayer colonies formed, and the cells in these colonies showed a high nuclear-cytoplasmic ratio (Fig. 4A) . Moreover, these cells could be propagated in the CDM/AF culture system for more than 50 passages without obvious changes (see Fig. S3 in the supplementary material) . Immunostaining of the cells showed that they expressed the pluripotency markers OCT4 and SSEA-1 (Fut4 -Mouse Genome Informatics), and the epiblast cell marker FGF5, but the expression of AKP was much lower than in mouse ESCs (Fig. 4B) . As determined by Q-PCR, these cells did not express the ESC marker
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Development 137 (13) Rex1, but did express the post-implantation embryo markers Nodal and Fgf5 (Fig. 4C) . Relative to ESCs, these cells expressed lower levels of Nanog and Sox2, and a similar level of Oct4 (Fig. 4C) . Furthermore, these EpiSC-like cells could not convert back into ESCs when cultured in standard ESC medium (see Fig. S4A in the supplementary material). Collectively, these results suggest that the ESC-derived EpiSC-like cells (ESD-EpiSCs) have characteristics of EpiSCs and can be maintained as stable cell lines.
To determine whether ESD-EpiSCs can only be derived from day 2 EBs, we cultured EBs in KSR medium for 1-5 days. Each day, the EBs were dissociated into single-cell suspensions and the cells were seeded in CDM/AF medium at the same density. We found that EpiSC-like colonies could be obtained from day 1-5 EBs, as well as non-induced ESCs; the day 2 EBs gave the highest colony number (Fig. 4D) . This suggests the accumulation of EpiSC-like cells in day 2 EBs.
To further characterize the ESD-EpiSCs, we used the formation of EBs and teratomas to examine the differentiation potential of ESD-EpiSCs. EB differentiation was achieved by growing small clumps of ESD-EpiSCs in KSR medium or DMEM medium containing 10% FBS. After 3 days of differentiation, markers of all three germ layers were expressed, including Sox1 and Ck18 (ectodermal), Flk1, Mixl1 and Sox17 (mesodermal), and Gata4, Gata6 and Sox7 (endodermal), as well as trophectodermal markers (Cdx2, Dlx3 and Hand1) (Fig. 4E) + endoderm-like cells were all observed in the differentiated outgrowth from ESD-EpiSC EBs (see Fig. S4B in the supplementary material). To examine the differentiation capacity of ESD-EpiSCs in vivo, we injected them into ectopic sites of immunodeficient mice and observed the formation of teratomas that contained a wide variety of tissue types, including neural epithelium, cartilage, adipocytes and gut (Fig. 4F) . These data show that ESD-EpiSCs are capable of differentiating into derivatives of all three primary germ layers and into extraembryonic tissues.
To further define the molecular properties of ESD-EpiSCs, we performed a microarray analysis to determine the transcriptional profile of ESD-EpiSCs and mouse ESCs. After comparing the data from EpiSCs and ESCs (Tesar et al., 2007) , we selected the top 5000 differentially expressed genes for a cluster analysis, which showed that the ESD-EpiSCs were transcriptionally more similar to EpiSCs than to mouse ESCs (see Fig. S4C in the supplementary material). Several known ICM markers, including Rex1 (Zfp42), Dppa3 (Stella), Tbx3 and Klf4, and the epiblast markers Fgf5, Foxa2, Lefty1/2 and Cer1, were all included among these differentially expressed genes, and these genes had similar expression levels in ESD-EpiSCs and EpiSCs (Fig. 4G) . Together, these data indicate that ESD-EpiSCs derived in vitro closely resemble EpiSCs from early mouse embryos.
BMP4 inhibits the derivation of ESD-EpiSCs from ESCs
Because ESD-EpiSCs could be obtained during ESC neural differentiation, it is reasonable to divide this process into two stages: the transition from ESCs to EpiSCs, and the transition from EpiSCs to NPCs. A functional study of the role of BMPs in these two stages could help us to better understand their role in these processes. We therefore analyzed the function of BMP4 during the first stage, the transition from ESCs to ESD-EpiSCs. We cultured EBs in KSR medium for 2 days with and without BMP4, and analyzed their gene expression patterns by Q-PCR. BMP4-treated EBs expressed higher levels of Klf4, Rex1 and Nanog, but lower levels of Fgf5, compared with untreated EBs (Fig. 5A) . Immunostaining of FGF5 also showed that BMP4-treatment decreased the number of FGF5-positive cells in day 2 EBs (see Fig. S5A in the supplementary material) . Thus, these data suggest that BMP4 inhibits ESC development to the epiblast-like stage. We then further seeded single-cell suspensions of day 2 untreated or BMP4-treated EBs into CDM/AF medium, and the numbers of ESD-EpiSC colonies were counted after 6 days. BMP4 treatment dramatically reduced the number of ESD-EpiSC colonies (Fig. 5B) . To analyze whether the decrease in ESD-EpiSC colony number was accompanied by an increase in the number of ESC colonies, we synchronously seeded single-cell suspensions into ESC medium and found that BMP4-treated EBs gave rise to more AKP-positive ESC colonies (see Fig. S5B in the supplementary material). These results suggest that BMP4 inhibits the conversion of ESCs into ESD-EpiSCs.
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However, we noticed that BMP4 did not completely inhibit the conversion of ESCs into ESD-EpiSCs (Fig. 5B) . To further confirm whether the ESD-EpiSCs derived from BMP4-treated EBs had the same characteristics as those derived from untreated EBs, we examined marker gene expression by Q-PCR. These two types of ESD-EpiSCs expressed comparable levels of Rex1, Klf4, Oct4, Nodal, Nanog and Fgf5 (Fig. 5C ). Furthermore, we analyzed the differentiation potential of ESD-EpiSCs derived from BMP4-treated EBs and found that they could also differentiate into all three primary germ layers, as well as into trophectoderm (Fig. 5D) . These results suggest that the ESDEpiSCs derived from BMP4-treated EBs are identical to those derived in the absence of BMP4, which supports the notion that the egg cylinder epiblast stage is generic for all germ-layer commitment.
BMP4 suppresses ESD-EpiSC neural commitment and promotes non-neural lineage differentiation
To analyze the function of BMP signaling in the second stage, the transition from ESD-EpiSCs to NPCs, we cultured cell aggregates of ESD-EpiSCs in KSR medium to induce neural differentiation. As detected by immunostaining, 80% of the cells from day 4 ESDEpiSC aggregates converted to OCT4 -/SOX + NPCs (Fig. 6A,  control) , and BMP4 strongly inhibited this neural conversion (Fig.  6A, BMP4+, 0-4) . Furthermore, as detected by Q-PCR, the expression of Fgf5 and Oct4 was downregulated and the expression of Sox1 was upregulated during this process (Fig. 6B) . To refine the window of BMP signaling, we added BMP4 to the KSR
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Development 137 (13) Fig. 4 medium at different points and monitored neural differentiation by immunostaining (Fig. 6A ). The addition of BMP4 during the first 24 hours effectively reduced the number of OCT4 -/SOX + NPCs (Fig. 6A, BMP4+ , 0-1); however, when BMP4 was present from day 1 to day 4, approximately 60% of the cells still became OCT4 -/SOX + NPCs (Fig. 6A, BMP4+, 1-4) . These results suggest that BMP4 inhibits ESD-EpiSC neural specification at the epiblast stage, which is consistent with the results shown in Fig. 2 and Fig.  S2 in the supplementary material. Moreover, in contrast with ESCs, the addition of BMP4 led to reduced OCT4 expression in ESDEpiSCs (compare Fig. 6A with Fig. 1A ), suggesting that BMP4 cannot maintain the pluripotency of ESD-EpiSCs. The addition of BMP4 specifically inhibited the expression of neural markers (Sox1, Sox2), but promoted the expression of non-neural markers, including epidermal (Ck18, Ck19), mesodermal (T, Flk1), endodermal (Gata4, Gata6) and trophectodermal (Eomes, Cdx2) markers (Fig. 6C) . Collectively, these data indicate that BMP4 inhibits ESD-EpiSC neural commitment and induces ESD-EpiSCs to differentiate into non-neural lineages without maintaining their pluripotency.
Taken together, the above results suggest that BMP4 has distinct functions during ESC neural differentiation. During the first stage, BMP4 inhibits the conversion of ESCs into ESD-EpiSCs, and during the second stage it suppresses ESD-EpiSC neural commitment and promotes non-neural lineage differentiation.
BMP4 inhibits ERK phosphorylation in ESCs, but not in ESD-EpiSCs
The FGF4/ERK pathway has been shown to trigger the transition of pluripotent ESCs from self-renewal to lineage commitment (Kunath et al., 2007; Stavridis et al., 2007; Ying et al., 2008) . We consistently found that the addition of FGF4 or bFGF significantly increased the number of ESD-EpiSC colonies derived from day 1 EBs; the number of colonies was comparable to those derived from day 2 EBs (Fig. 7Aa; data not shown) . However, the addition of exogenous FGF did not increase the number of ESD-EpiSC colonies derived from day 2 EBs (Fig. 7Aa,C) . Given that the highest levels of endogenous Fgf4 expression were detected in day 1 EBs (Fig. 3A) and the highest number of ESD-EpiSCs was derived from day 2 EBs (Fig. 4D) , we proposed that FGF4 might promote ESC differentiation into EpiSCs and that the addition of exogenous FGF might accelerate this process. To determine whether the FGF/ERK pathway is involved in BMP4-mediated inhibition during the first stage of ESC differentiation, we cultured ESC EBs for 2 days in the presence of the FGF receptor (FGFR) inhibitor PD173074 (Mohammadi et al., 1998) or the MEK inhibitor PD0325901 (Bain et al., 2007) , and found that ESDEpiSC colony number was dramatically reduced under both conditions (Fig. 7Ab) . This effect was similar to that of BMP4 on ESCs (Fig. 5B) , and promoted us to determine whether BMP4 inhibited ESC entry into the late epiblast stage via inhibition of the FGF/ERK pathway. Immunoblot analysis showed that BMP4 reduced ERK phosphorylation in ESCs within a short time period (10 minutes) (Fig. 7Ba) , which was consistent with results from a previous study (Qi et al., 2004) . BMP4 also reduced exogenous FGF-activated ERK phosphorylation in a short time period (Fig.  7Bb, lane 3 versus 4) . Moreover, bFGF rescued BMP4-reduced ERK phosphorylation in ESCs (Fig. 7Bb, lane 2 versus 4) , and could partially recover the BMP4-induced reduction in ESD-EpiSC colony number (Fig. 7C) . Collectively, these data suggest that BMP signaling interferes with the FGF/ERK pathway in the conversion of ESC to ESD-EpiSCs.
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We then analyzed whether BMP4 inhibited ERK activity in ESD-EpiSCs. Unexpectedly, BMP4 treatment did not lead to decreased phospho-ERK levels in ESD-EpiSCs (Fig. 7D, lanes 1-4) , but instead increased ERK phosphorylation during long-term treatment (Fig. 7D, lanes 5-8) . Therefore, BMP4 did not inhibit ERK activity in ESD-EpiSCs. Interestingly, we also found that BMP4 could increase ERK phosphorylation levels in ESCs cultured in N2B27 alone for 24 hours (Ying et al., 2003a ) (data not shown), and we speculated that ESCs cultured under such conditions might differentiate into EpiSC-like cells.
IDs partially substituted for BMP4 functions during both stages of ESC neural differentiation BMP4 was reported to suppress ESC neural differentiation by inducing ID proteins (Ying et al., 2003a) . Because ESC neural differentiation could be divided into two stages and BMP4 could induce ID gene expression in both ESCs and EpiSCs (data not shown), we wondered whether ID proteins mediated BMP function at both stages. To address this question, we overexpressed Id1 and Id2 in ESCs and ESD-EpiSCs using lentiviral vectors; elevated gene expression was confirmed by Q-PCR (see Fig. S6A -C in the supplementary material). We then cultured the EBs from ID2-ESCs or control-ESCs in KSR medium for 2 days, and found that overexpression of ID2 upregulated Klf4 and Rex1 expression and downregulated Fgf5 expression (Fig. 8A) . Immunostaining showed that FGF5 protein levels were reduced in ID2-overexpressing cells (see Fig. S5Ae h in the supplementary material). ESD-EpiSC colony number assay also showed that overexpression of ID2 significantly inhibited the derivation of ESD-EpiSCs from ESCs (Fig. 8B) . Similar to the effect of BMP4, ID2 overexpression did not completely block the derivation of ESD-EpiSCs from ESCs. However, unlike ESD-EpiSCs derived from BMP4-treated EBs (Fig. 5B) , ESD-EpiSCs derived from ID2-overexpressing ESCs could not maintained and differentiated after 1-2 passages. We also obtained reproducible results from ID1-overexpressing ESCs (data not shown). Therefore, these data suggest that IDs can partially substitute for the function of BMP4 at the first stage.
We next analyzed the effect of ID2 overexpression on ESDEpiSC neural differentiation. Unfortunately, the ESD-EpiSCs with high levels of ID2 expression differentiated and could not be maintained as stable cell lines (data not shown); therefore, we could only generate ESD-EpiSCs with low levels of ID2 overexpression. Relative to control ESD-EpiSCs, ID2 overexpression was associated with the downregulation of neuroectoderm marker (Sox1, Sox2) expression, and the upregulation of mesodermal (Flk1, T) and trophectodermal (Cdx2, Hand1) marker expression in day 4 ESD-EpiSC aggregates cultured in KSR medium (Fig. 8C) . Similar results were also obtained from ID1-overexpressing ESD-EpiSCs (data not shown). Double immunostaining of SOX and GFP proteins in the day 4 ESD-EpiSC aggregates showed that most of the ID2-overexpressing cells were SOX-negative (Fig. 8Dd-f) . Statistical analyses showed that the percentage of SOX + and TUJ1 + cells decreased significantly among ID2-overexpressing cells, relative to negative control GFP-expressing cells ( Fig. 8D; in the supplementary material), suggesting that ID2 overexpression inhibits ESD-EpiSC neural determination. Taken together, these results suggest that IDs also partially mediate BMP4 function at the second stage of ESC neural differentiation.
DISCUSSION
Although ESCs have been widely used as a model for studying events in early embryogenesis, it remains unclear whether they authentically represent cells in the ICM of peri-implantation blastocysts, or whether they simply represent an artificial state produced in vitro (Niwa, 2007; Silva and Smith, 2008) . Importantly, there are no experimental data demonstrating that ESC differentiation definitively passes through an epiblast stage. We show that ESCs pass through an epiblast-like stage during the process of ESC differentiation and can be isolated as EpiSC lines, which have the same characteristics as EpiSCs derived from mouse embryos (Brons et al., 2007; Tesar et al., 2007) . Interestingly, we found that the efficiency of ESD-EpiSC derivation was the highest from day 2 EBs (Fig. 4) , although these cells can also be derived from undifferentiated ES cells, consistent with recent studies (Guo et al., 2009; Hanna et al., 2009) . Therefore, our data provide evidence that ESC differentiation truly passes through an eggcylinder-epiblast-like stage as part of the early developmental process in vivo. We also show that ESD-EpiSCs derived from the BMP4-treated EBs are identical to those in the absence of BMP4 in terms of marker gene expression and differentiation behavior (Fig. 5) . These results suggest that germ layer cell fates have not been decided before the epiblast of egg cylinder stage, and support the notion that the epiblast of egg cylinder stage is generic for all germ-layer commitment. Furthermore, because we can isolate the transition state during ESC neural differentiation and maintain cells as ESD-EpiSCs, we have divided ESC neural differentiation into two stages: the first stage involves the transition from ESCs to EpiSCs, and the second stage involves the transition from EpiSCs to NPCs. These two transitions correspond to the ICM to eggcylinder-epiblast transition and the egg-cylinder-epiblast to neural ectoderm transition, respectively. BMP4 has been reported to be required for ESC self-renewal (Kawasaki et al., 2000; Qi et al., 2004; Ying et al., 2003a) . Consistently, we show that the addition of BMP4 maintains a portion of OCT4 + /SOX + pluripotent cells in the ESC EBs ( Fig. 1 ; see also Fig. S1 in the supplementary material) . Notably, we also performed a functional assay showing that the addition of BMP4 reduced the number of ESD-EpiSC colonies derived from ESCs (Fig. 5) , and that the decreased number of ESD-EpiSC colonies was accompanied by an increase in the number of AKP-positive ESC colonies (see Fig. S5 in the supplementary material), suggesting that BMP4 prevents the conversion of ESCs into ESDEpiSCs. Moreover, the addition of BMP4 upregulated the expression of ESC markers, whereas it downregulated the expression of epiblast markers in day 2 EBs (Fig. 5 ; see also Fig.  S5 in the supplementary material) . On the basis of these data, we suggest that BMP4 maintains ESC pluripotency by preventing the cells from differentiating into late epiblast stage cells, rather than by directly blocking ESC neural commitment (Ying et al., 2003a) .
Because the FGF4/ERK pathway primes ESCs to enter the late epiblast-like stage (Kunath et al., 2007; Stavridis et al., 2007; Ying et al., 2008) and BMP4 inhibits MAPK/ERK activity in ESCs (Qi et al., 2004) , it is reasonable to propose that BMP4 might inhibit ESC entry into the late epiblast stage by interfering with the FGF/ERK pathway. Indeed, we found that BMP4 reduced both endogenous and exogenous FGF-induced short-term ERK phosphorylation in ESCs (Fig. 7B) . Although BMP4 only transiently inhibited ERK phosphorylation, even transient inhibition could be sufficient to change the expression profile of downstream genes of the FGF/ERK signaling pathway (Murphy and Blenis, 2006; Murphy et al., 2002) , thereby resulting in changes in ESD-EpiSC formation. We also found that BMP4 did not completely inhibit ERK phosphorylation (Fig. 7B) ; this incomplete inhibition might explain why BMP4 could not completely block the conversion of ESCs into ESD-EpiSCs (Fig.  5B-D) . Cells that escaped BMP4 inhibition might further differentiate into non-neural lineage cells, as we observed in day 6 EBs (Fig. 1B, BMP+) . Therefore, BMP4 partially interferes with the FGF/ERK pathway to inhibit the conversion of ESCs to ESDEpiSCs. Furthermore, we found that IDs, which are downstream 2103 RESEARCH ARTICLE Stage-dependent functions of BMP4 in ESCs target genes of BMP signaling (Nakashima et al., 2001; Ying et al., 2003a) , also inhibited the conversion of ESCs into ESD-EpiSCs (Fig. 8) , thus substituting for BMP4 function in the maintenance of ESC pluripotency. Therefore, on the one hand, BMP4 partially interferes with the FGF/ERK pathway and, on the other hand, BMP4 induces ID genes to inhibit ESC entry into the late epiblast stage.
During the second stage of ESC neural differentiation, we noticed that BMP4 could only inhibit the ESD-EpiSC neural differentiation during the first day, and that neural differentiation could not be inhibited once it was under way (Fig. 6) . Furthermore, BMP4 maintained approximately half of the ESCs as OCT4 + /SOX + pluripotent cells (Fig. 1 ), but could not maintain ESD-EpiSC pluripotency; instead, it promoted the differentiation of these cells into non-neural lineage cells (Fig. 6) . Therefore, the egg-cylinder-epiblast-like stage is the critical time point for BMP4 to switch its function from maintaining ESC pluripotency to promoting ESD-EpiSC non-neural differentiation. In contrast to the first stage, BMP4 did not affect ERK activity during the second stage (Fig. 7) . Consistent with a previous report that IDs exert a neural lineage-specific blockage on ESC differentiation (Ying et al., 2003a) , we found that ID overexpression in ESD-EpiSCs partially inhibited neural differentiation (Fig. 8) . We also found that ID overexpression promoted ESD-EpiSCs to differentiate into mesodermal or trophectodermal lineage cells (Fig. 8) . Therefore, IDs might partially mediate BMP functions during the second stage of ESC neural differentiation.
